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observations of movement (Chapter 6). Results showed that long-unburnt vegetation
restricts dispersal in N. stellatus, which may result from, or contribute to its decline in
population density with increasing time since fire. In Chapter 7 I found that fire affected
gene flow in A. norrisi, but not in C. atlas, while genetic diversity in both species was
affected by post-fire succession. My thesis demonstrated how examining demographic
and dispersal attributes of reptiles can give insights into the mechanisms underlying
species responses to fire. I concluded by providing management recommendations and

highlighting key points for future research on fire ecology (Chapter 8).
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Chapter 1

The need for a process-based understanding of fire

ecology in reptiles

Introduction

Fire is a common agent of disturbance in ecosystems around the world, including

the mallee woodlands of semi-arid southern Australia (Photo A. Castaneda, taken
in March 2008 at Hambidge Wilderness Area on the Eyre Peninsula).
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Fig. 1.1 Mallee vegetation (A) three, (B) ten, and (C) 43 years after fire (Photos: A.L.

Smith taken in Nov 2009 at Hincks Wilderness Area on the Eyre Peninsula).

S ke TR

I used two general frameworks to study the processes behind reptile fire responses. The
first was a community-level framework which I used in Chapters 2 and 3 to examine if
a generalised model of fire responses could be developed based on traits shared by
groups of species. In Chapter 2 this framework was applied to a large data set (4796
individuals recorded over six years) from the mallee reptile community to determine if
habitat use and life history traits related to variation in abundance with time since fire.
In Chapter 3 | examined if there were any shared traits among reptile species that
experienced mortality during a severe summer wildfire. In the following chapters of my
thesis | used a species-level framework in order to examine variation in life history and

dispersal attributes within species among different successional stages.

I conducted the species-level studies on three mallee lizard species (Fig. 1.2): (A)
Ctenotus atlas (Scincidae), (B) the starred knob-tailed gecko, Nephrurus stellatus
(Gekkonidae), and (C) the mallee tree-dragon, Amphibolurus norrisi (Agamidae). These

species were targeted because they had previously shown significant responses to time

6



since fire that differed among the three species (Driscoll & Henderson 2008). Ctenotus
atlas was uncommon in the first three years after fire, and increased to a peak in
abundance at 5-7 years after fire (Driscoll & Henderson 2008). Nephrurus stellatus was
reported to be more common in recently burnt (< 7 years since fire) than long unburnt
(= 18 years) mallee consistently in four reserves on the Eyre Peninsula (Driscoll &
Henderson 2008). The response of Amphibolurus norrisi varied across the Eyre
Peninsula, being more abundant in 30 year old mallee at one location and in 5 year old
mallee at another location. This range of responses to fire allowed me to examine
successional variation in life history and dispersal attributes of the three species, and
potentially uncover some of the processes behind their population response to fire

regimes.

Fig. 1.2 Three reptile species were targeted for detailed studies: (A) Crenotus atlas, (B)

Nephrurus stellatus, and (C) Amphibolurus norrisi (Photos: A.L. Smith).

The first of the species-level studies (Chapter 4) used data from mark-recapture surveys
to examine successional variation in survival, population density and reproductive
capacity of N. stellatus (Smith et al. 2012). Microsatellite DNA data were then used to
examine successional changes in gene flow and gain insights into the effects of fire on
dispersal in all three target species. Chapter 5 begins this section with a description of

the markers I used to generate the genetic data (Smith et al. 2011). In Chapters 6 and 7 |
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Chapter 2

A six-year study reveals previously undetected
responses to fire in reptiles

Research Paper

Co-authors:
C. Michael Bull
Don A. Driscoll

Habitat with over 30 years since fire may be important for
mallee reptiles that inhabit leaf litter, such as Lerista
distinguenda (Photo A.L. Smith).















2.3 Methods

2.3.1 Study region

We studied reptiles in two reserves on the Eyre Peninsula, South Australia (Fig. 2.1):
Hincks Wilderness Area (33°45'S, 136°03' E; 66658 ha) and Pinkawillinie
Conservation Park (32°54' S, 135°53' E; 130148 ha). The region is semi-arid, with an
average annual rainfall of 340 mm at Hincks and 302 mm at Pinkawillinie. The main
topographic features are white sand dunes, occurring in either large, parabolic fields or
longitudinal ridges interspersed by hard, reddish-brown swales (Twidale & Campbell
1985). Mallee, characterised by multi-stemmed Eucalyptus spp., is the dominant
vegetation type in the reserves, where E. costata and E. socialis are commonly
associated with the shrubs Melaleuca uncinata and Callitris verrucosa (Specht 1972;
Robinson & Heard 1985). The spiky hummock grass Triodia irritans forms an
important habitat for many reptile species, and is common in both reserves. Summer
lightning is the most common ignition source of mallee which typically results in large,

severe wildfires on a decadal time scale (Bradstock & Cohn 2002).

Fig. 2.1 Location of Hincks Wilderness Area and Pinkawillinie Conservation Park

where reptiles were studied on the Eyre Peninsula, South Australia.

I Native vegetation
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Table 2.1. We surveyed 25 sites using two trapping protocols over six seasons. Sites
represented a range of post-fire habitat stages. Four sites that burnt during the study (I3,

14, P3, P4) were analysed as separate observations before and after the fire.

Location Site Protocol  Seasons No. trap nights Last fire
surveyed
Hincks I1 transect 1-4 1694 1999
12 transect 1-2 770 1999
I3 transect 1-4 1694 1977/2006
14 transect 1-4 1694 1977/2006
17 transect 3-4 770 1977
HIE1 grid 5-6 1400 2006
HIE2 grid 5-6 1400 2006
HIM1 grid 5-6 1400 1999
HIM2 grid 5-6 1400 1999
HIL6 grid 5-6 1400 1966
EINIET grid 5-6 1400 1966
Pinkawillinie Bl transect 1-4 1694 2001
P2 transect 1-4 1694 2001
P3 transect 1-4 1694 1986/2005
P4 transect 1-4 1694 1986/2005
P transect 3-4 924 1986
P8 transect 3-4 924 1986
PE1 grid 5-6 1075 2005
PE2 grid 5-6 1075 2005
PMI1 grid 5-6 1075 2001
PM2 grid 5-6 1075 2001
1ML grid 5-6 1075 1960
PE2 grid 5-6 1075 1960
P13 grid 5-6 1075 1960
PL4 grid 5-6 1075 1960

In five of the six seasons, three trapping sessions were conducted. There were only two
trapping sessions in season 2. Transect sites were all surveyed for seven nights in each
trapping session (21 nights per season, and 14 in season 2). Trapping sessions at the
grid sites varied from 5-15 nights (mean = 8), and totaled 18 and 21 nights (season 5),
and 38 and 22 nights (season 6) for Hincks and Pinkawillinie, respectively. Traps within
each reserve were opened and closed at the same times (Driscoll & Henderson 2008;
Smith et al. 2012). Overall, there were 592 traps and 32,246 trap nights in our study
(Table 2.1).

While open, traps were checked every morning. All captured reptiles were identified
following Wilson and Swan (2010), except Pogona spp. which could not be reliably

identified in the field. Mitochondrial DNA analysis identified two allopatric Pogona
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species analysed (Table 2.2, Fig. 2.2a-t). The abundance of three species (Ctenophorus
cristatus, Ctenotus euclae, and Morethia obscura) was not significantly affected by TSF
(Table 2.2). Of the eight species analysed at both locations, all had significant effects of
location, with four captured in higher numbers at Hincks and four with greater

abundance at Pinkawillinie (Table 2.2).

The significant response to TSF in five species (Amphibolurus norrisi, Ctenophorus
fordi, Ctenotus atlas, Lucasium damaeum, Nephrurus stellatus) had been reported in
previous studies, and these were generally in the same direction (Driscoll & Henderson
2008; Driscoll et al. 2012). However, Driscoll et al. (2012) reported an abundance peak
at 5-10 years since fire for C. fordi and N. stellatus. The current study showed a linear
decline with TSF at both locations for C. fordi (Fig. 2.2a,b) and at Pinkawillinie for V.
stellatus (Fig. 2.21). A model where TSF was log transformed revealed a very early
abundance increase in our data for C. fordi but that model was not used because of a
poor fit to data from most other species (Supporting material 2.8.3). Driscoll and
Henderson (2008) reported a late successional response in C. at/as at Pinkawillinie, but
no response at Hincks. In the current study, C. at/as had late-successional response at
both locations (Fig. 2.2¢,d). One species (Ctenophorus cristatus) which had previously
been reported to respond to TSF (Driscoll and Henderson 2008) did not show a

significant response in analysis of the larger data set used in this study.
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Table 2.2 The number of individuals captured for the 16 species analysed and statistics from generalised linear mixed models (GLMM).

Significant P values (o = 0.1) are indicated in bold.

Number of individuals P values from GLMM fixed effects

Dispersion Location x Location x
Species Hincks Pinkawillinie parameter TSF TSF’ Location TSF TSF’
Two locations analysed
Ctenotus atlas 158 78 1.95  0.056 - <0.001 0.158 -
Ctenotus euclae 361 42 2.30° (161 - 0.001 0.419 -
Ctenophorus fordi 876 243 4.88 0.018 - <0.001 0.256 -
Ctenotus schomburgkii * 32 133 307 {207 0.076 0.023 0.163 0.135
Lerista edwardsae * 76 128 4.58 0.140 0.070 0.091 0.035 0.028
Liopholis inornata *' 194 261 3.33 <0.001 <0.001 <0.001 <0.001 <0.001
Nephrurus stellatus 460 377 227  0.003 <0.001 0.032 0.010 0.003
Pogona spp. * 47 108 227 0210 0.370 0.013 0.087 0.095
One location analysed
Aprasia inaurita * 43 15 1.40  0.062 - - - -
Amphibolurus norrisi 83 0 1.19  0.096 0.061 - - -
Diplodactylus calcicolus * 133 22 439 0.128 0.030 - - -
Lerista distinguenda * 117 8 2.87  0.002 - - - -
Morethia obscura 45 15 1.41  0.578 - - - -
Brachyurophis 0 62 0.97  0.088 0.085
semifasciatus * - - -
Ctenophorus cristatus 0 163 51495 ():.937 - - - !
Lucasium damaeum 0 224 1.87  0.001 0.003 - - =

TSF = time since fire.
* Response not detected with smaller data sets (Driscoll & Henderson 2008; Driscoll et al. 2012).

" One strong outlying residual was removed before re-fitting the model for L inornata.



Fig. 2.2 Of 16 reptile species analysed, the capture rate of 13 was significantly affected by time since fire (P < 0.1). Some species were

analysed at two locations, and others at only one.
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Fig 2.3 The response and life-history attributes of 13 reptile species that were
significantly affected by post-fire succession. The name of each species is indicated at
the point where it was most abundant. The grey shading is the mean abundance for each

species and is shown to illustrate the variation in fire responses among the reptile

community.
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2.5 Discussion

Understanding responses to fire in animals is essential for implementing appropriate
management, thus we aimed to investigate post-fire succession using a large data set
from an Australian reptile community. Our study had two important findings. First, we
found eight significant response patterns that were not detected in previous analyses that
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2.8 Supporting material

2.8.1 Capture information

Table S2.1 Total number of each of the 44 species in seven families captured during the

study. The asterisk (*) indicates the 16 species with sufficient captures for analysis.

Footnotes refer to species allocated different names in previous reports (Driscoll &

Henderson 2008; Driscoll et al. 2012).

Family Species Hincks  Pinkawillinie  Total
Agamidae Amphibolurus norrisi * 83 0 83
Ctenophorus cristatus * 0 163 163
Ctenophorus fordi * 876 243 1119
Moloch horridus 0 12 12
Pogona spp. * 47 108 155
Tympanocryptis lineata 1 0 1
Elapidae Acanthophis antarcticus 2 0 2
Brachyurophis semifasciatus * 0 62 62
Parasuta spectabilis 3 3 6
Simoselaps bertholdi 0 i 17
Gekkonidae  Diplodactylus calcicolus * 133 22 155
Gehyra variegata 0 17 &)
Lucasium damaeum ** 0 224 224
Nephrurus stellatus * 460 377 837
Strophurus assimilis 0 19 19
Pygopodidae Aprasia inaurita * 43 15 58
Delma australis 7 9 16
Delma butleri 9 1 10
Delma fraseri 0 4 4
Lialis burtonis B 0 4
Pygopus lepidopodus 2 2 4
Scincidae Cryptoblepharus australis 0 1 1
Ctenotus atlas * 158 78 236
Ctenotus euclae * 361 42 403
Ctenotus leae 1 9 10
Ctenotus robustus 0 1 1
Ctenotus schomburgkii * 32 133 165
Cyclodomorphus melanops 8 2 10
Hemiergis peronii 18 0 18
Lerista distinguenda * 117 8 125
Lerista dorsalis 20 3 23
Lerista edwardsae * 76 128 204
Lerista taeniata 0 25 25
Liopholis inornata *° 194 261 455
Liopholis multiscutata 3 0 3
Menetia greyii 1 7 8
Morethia adelaidensis 0 4 4
Morethia boulengeri 0 3 3

44



Family Species Hincks Pinkawillinie  Total
Morethia butleri 0 4 4
Morethia obscura * 47 15 62
Tiliqua occipitalis 2 0 2
Typhlopidae  Ramphotyphlops bicolor* 20 8 28
Ramphotyphlops bituberculatus 15 15 30
Varanidae Varanus gouldii 0 8 8
Total 2743 2053 4796

Names given in previous reports: ' Diplodactylus granariensis; * Diplodactylus

3 P 4 y
damaeus: = Egernia inornata; ™ Ramphotyphlops australis.

2.8.2 Raw data

Fig. S2.1 The number of captures at cach site of the 16 species analysed in this study.

Orange points are transect sites and green points are grid sites.
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2.8.3 Abundance in Ctenophorus fordi

A model with log-transformed time since fire (TSF) and TSF revealed a very early
increase after fire for Ctenophorus fordi (Table S2.2, Fig. S2.2). We did not use this as
the final model in the analysis log transformation did not provide a good fit for most

other species.

Table S2.2 Results from a model for Ctenophorus fordi with log-transformed TSF.
Three random effects were included: “fire”, “protocol” and an observation-level effect

to account for overdispersion (dispersion parameter = 4.52) (see 2.3.3 Analysis).

Parameter Estimate SE zvalue Pr(>z])

(Intercept) 3.556. . 0211 16.835 <0.001
log(TSF) 1947 10592 3.291 0.001
location -1.922  0.319 -6.024 <0.001
log(TSF)? -2.577  0.658 -3.915 <0.001
log(TSF):location -0.274  1.219 -0.225 0.822
log(TSF)*:location -0.029 1.239 -0.023 0.982

Fig S2.2 Ctenophorus fordi increases in abundance very quickly after fire then

gradually declines.

Hincks

200 A

150 - !

8

]

o
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Estimated no. captures / 1000 trap nights % 95 % CI

Years since fire
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2.8.4 Ecological traits

Table S2.3 The time since fire at which each species was most common (peak abundance). Responses were simplified into two fire categories

(“Early/Mid” and “Late”) for analysis. Reptile family and ecological traits are given for each species.

Species Peak Fire Family Activity Shelter type Foraging habitat  Diet*

abundance category
Aprasia inaurita 1/- Early/Mid Pygopodidae  Nocturnal Burrow Fossorial Ant eggs/larvae (S)
Lucasium damaeum -/1 Early/Mid  Gekkonidae =~ Nocturnal Burrow Open surface Arthropods (G)
Ctenophorus fordi 1/1 Early/Mid Agamidae Diurnal Triodia Open surface Mainly ants (S)
Nephrurus stellatus 13/1 Early/Mid Gekkonidae ~ Nocturnal Burrow Open surface Arthropods (G)
Pogona spp. 1/17 Early/Mid Agamidae Diurnal Trees/stumps Trees/surface Omnivorous (G)
Liopholis inornata 17/5 Early/Mid Scincidae Crepuscular  Burrow Open surface Omnivorous (G)

/ nocturnal

Diplodactylus calcicolus 14/- Early/Mid Gekkonidae ~ Nocturnal Burrow Leaf-litter Arthropods (G)
Amphibolurus norrisi 20/- Early/Mid Agamidae Diurnal Trees/leaf litter Trees/surface Arthropods (G)
Brachyurophis -/28 Early/Mid Elapidae Nocturnal Burrow Fossorial Lizard eggs (S)
semifasciatus
Lerista edwardsae’ 50/35 Late Scincidae Diurnal Leaf-litter Fossorial/leaf litter ~ Arthropods (G)
Lerista distinguenda 50/- Late Scincidae Diurnal Leaf-litter Leaf-litter Arthropods (G)
Ctenotus atlas 50/50 Late Scincidae Diurnal Triodia Edges of Triodia Mainly termites (S)
Ctenotus schomburgkii ~ 50/50 Late Scincidae Diurnal Triodia Open surface Mainly termites (S)
Ctenophorus cristatus No response  No response Agamidae Diurnal Burrow/logs Open surface Arthropods (G)
Ctenotus euclae No response  No response  Scincidae Diurnal Burrow Open surface Arthropods (G)
Morethia obscura No response  No response Scincidae Diurnal Leaf-litter Leaf-litter Arthropods (G)

" At Pinkawillinie L. edwardsae declined slightly after 35 years, but the confidence interval after this point was very wide, so we classified it as “Late”

for both locations.

* G = generalist, S = specialist.
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Chapter 3

Wildfire-induced mortality of Australian reptiles
Short Communication

Co-authors:
Brendon Meulders
C. Michael Bull
Don A. Driscoll

A summer wildfire in Pinkawillinie Conservation Park left little in

the way of shelter for animals relying on above ground
vegetation (Photo: A.L. Smith, taken January 2006).
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walks to the trapping stations, even in other areas that had been recently burnt in

prescribed fires or wildfires.

Fig. 3.1 Six reptile species were found dead during a brief survey of mallee four weeks
after a wildfire: (A) Acanthophis antarcticus, (B) Ctenotus atlas, (C) Delma petersoni,

(D) Demansia reticulata cupreiceps, (E) Moloch horridus, and (F) Pygopus

lepidopodus (photos: B. Mculders).

There was one common trait among the species we recorded: they were all non-
burrowing species that shelter in low vegetation and leaf litter (Wilson & Swan 2010),

although some may occasionally use burrows of other species. Other reptiles commonly

N
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Chapter 4

Post-fire succession affects abundance and survival

but not detectability in a knob-tailed gecko

Research Paper

Co-authors:
C. Michael Bull
Don A. Driscoll

I marked geckos with a fluorescent
elastomer implant to identify individuals
during recapture surveys. The position of
the marks on the body identifies this gecko
as NS-H3-195 (Photo A.L. Smith).

This chapter has been published:

Smith A.L.. Bull C.M. and Driscoll D.A. (2012). Post-fire succession affects abundance and

survival but not detectability in a knob-tailed gecko. Biological Conservation 145: 139-147
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uncinata, Callitris verrucosa and the spiky hummock grass Triodia irritans (Specht
1972; Robinson & Heard 1985). Summer lightning, the most common ignition source of
mallee, typically results in large, severe wildfires on a decadal time scale (Bradstock &
Cohn 2002). Records of the complex fire histories of the two reserves have been kept by
the South Australian Department for Environment and Natural Resources for over 40

years (DENR 2011).

Fig. 4.1 Location of the sites where Nephrurus stellatus were sampled at Hincks
Wilderness Area and Pinkawillinie Conservation Park on the Eyre Peninsula, South

Australia.

Nephrurus stellatus is distributed widely across the Eyre Peninsula and in a small area
of central-south Western Australia (Wilson & Swan 2008). It is common in sandy areas,
residing in self-dug burrows by day and actively foraging for invertebrate prey by night
(Cogger 1996). Driscoll and Henderson (2008) captured N. stellatus consistently more
often in recently burnt (3-7 yr since the most recent fire) than long unburnt (18-39 yr
since the most recent fire) habitat across five conservation reserves. Little is known of
the life history, but preliminary skeletochronological analysis suggests individuals can

live for up to four years in the wild, possibly longer (A.L. Smith, unpublished data).
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Table 4.2 Candidate models for abundance (N) and survival (S) of Nephrurus stellatus

at Hincks and Pinkawillinie.

HINCKS

N S no. parameters QAICc A QAICe weight QDeviance
sn+g swtg 15 688.283 0.000 0.937 615.220
sntgtsn*g swtg 20 693.998 DS 0.054 610.221
sn+g SW 14 698.229 9.946 0.006 627.283
sn SWHg 14 700.305 12.022 0.002 629.359
g swtg 10 707.852 19.569 < 0.001 645.297
sn+g g 14 715.861 27.578 <0.001 644916
: SWtg 9 719.138 30.855 <0.001 658.660
sn+g 3T 20778 32.495 <0.001 651.942
PINKAWILLINIE

N S no. parameters QAICec A QAICc weight (QDeviance
sntg SW 12 °331.982 0.000 0.616 152.769
g SW o 333583 1.901 0.238 165.674
sntg swtg 14 335.297 3.315 0.117 151.529
snt+g ; 11 ' 338.537 6.556 0.023 161.569
sntg g 13 341.637 9.655 0.005 160.158
sntgtsn*g sw 22 350.487 18.506 <0.001 147.549
. SW 344333651 21.669 <0.001 189.696
sn SW 10 355.003 23.021 <0.001 180.256

Capture probability was modelled as p(mt), c¢(mt) for Hincks, and p(mt) for

Pinkawillinie. Temporary emigration was modelled as y"=y’(.) for Hincks and y"=y’(0)

for Pinkawillinie.

Fig. 4.4 Estimated abundance (N) (= SE) for Nephrurus stellatus at Hincks (A) and

Pinkawillinie (B) where N was affected by fire category and session. The late category

at Pinkawillinie had twice the sampling effort (100 traps) of all other units (50 traps).
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At both reserves there was strong support for seasonal differences in monthly survival
rates (Table 4.2). Survival was significantly lower in summer than winter (Fig. 4.5a,b).
At Hincks there was an additive effect of fire category (Table 4.2), with summer
survival significantly lower in the early sites than the medium sites (Fig. 4.5a). There
was no difference in survival between fire categories over winter (Fig. 4.5a). At
Pinkawillinie, the best fitting model with fire effects on survival had only minimal
support (w; = 0.117), but showed lower mean summer survival rates in the late (0.309 +
0.281 SE) than the early (0.477 + 0.159 SE) and medium (0.601 + 0.116 SE) sites.
Although, these were not significant differences, the large variance resulting from data

limitations may have masked an effect of fire category on survival.

Fig. 4.5 Estimated monthly survival rates (= SE) for Nephrurus stellatus at Hincks (A)
and Pinkawillinie (B). At Hincks survival was affected by fire category and season, and

at Pinkawillinie by season only.
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4.5 Discussion

4.5.1 Post-fire abundance and detectability

Ignoring detectability in ecological studies can lead to spurious results and misguided
management (White 2005). Fire regimes can influence detectability in mammals

(Pardon et al. 2003) raising concerns about conclusions drawn from simple count data
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4.9 Supporting material

4.9.1 Captures and recaptures

Table S4.1 Number of initial captures (and recaptures) at each site in each primary session. No Nephrurus stellatus were captured in the late fire

category at Hincks (HIL6 and HIL7).

HINCKS PINKAWILLINIE
Primary
session  HIE1 HIE2 HIM1 HIM?2 PE1 PE2 PM1 PM2 PL1 PL2 PL3 PL4
SEASON 1
1 5(0) 4(1) 12 (0) 5(0) 1 (0) 1 (0) 5(0) 5(1) 0 (0) 0(0) 1 (0) 1(0)
2 2(0) 9 (0) 16 (5) () 2(0) 2 (0) 2(1) 2(1) 0(0) 0 (0) 1 (0) 0(0)
3 . 240) 0 (0) 1(2) 1(2) 2 (0) 6 (0) 9:(1) 9(2) 0 (0) 0(0) 1) 1 (0)
SEASON 2
4 27(6) 45(16) 49(35) 38(22) 8(3) 5(1) 9(6) 11(9) 0 (0) 0(0) 0(0) 0(0)
5 7(3) 7012) 11 (28) I5H(29) R 51(5) D2} 8(6) 74) 2 (0) 1 (0) 0(0) 0 (0)
6 6(4) 13 (19) 7019) 135(20)5 41(5) 4(1) 6 (6) 4(17) 0 (0) 4(2) 0(0) 1(2)

TOTAL 49 (13) 78 (48) 96(89) 85(74) 22(13) 27(4) 39200 38(34) 2(0) 2(2) 3(1) 3(2)







Table S4.2 Age and sex structure of N. stellatus in different fire categories.

Hincks
Season 1 Season 2

Early Medium | Early Medium
Adult male 8 26 41 7
Adult female 6 6 24 28
Juvenile male 1 2 7 13
Juvenile female 2 10 19 25
Juvenile unknown 5 4 20 18
Pinkawillinie

Season 1 Season 2

Early Medium Late Early Medium Late
Adult male 8 15 4 25 24 4
Adult female 4 5 0 7 9 1
Juvenile male 0 0 0 1 4 0
Juvenile female 0 4 1 0 8 0
Juvenile unknown 2 8 0 6 10 3

4.9.2.2 Reproductive status

Females were only found to be gravid during the first primary trapping session of each
season (November at Hincks and December at Pinkawillinie), never in January or
February. We thus used Fisher’s exact tests to examine fire effects on reproductive
status in the first primary session only and included the initial capture only for each
season (no within-season recaptures). In season two at Hincks, a higher proportion of
gravid females was captured in the early than the medium fire category (P = 0.01)
(Table S4.3). There was no effect of fire category on reproductive status at
Pinkawillinie (P = 1.00) but the sample size was small (Table S4.3). There were not
enough adult females captured in season one for reliable analysis (Table S4.3). Rainfall
in the year prior to trapping was lower in season one than season two (Hincks = 251 and
377 mm; Pinkawillinie = 177 and 369 mm for season one and two, respectively) which

may have contributed to the difference in fecundity between the seasons.
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Table S4.3 Number of gravid adult female N. stellatus, compared with those not gravid

in November (Hincks) and December (Pinkawillinie) of each season. * There was a

significant effect of fire category on reproductive status at Hincks in season two

(Fisher’s exact test P =0.01).

Hincks
Season 1 Season 2 *

Early Medium | Early Medium
Gravid 0 1 13 13
Not gravid 1 1 1 10
% gravid 0.0 50.0 93.8 56.5
% gravid/season 335 71.8
Pinkawillinie

Season 1 Season 2

Early Medium Late Early Medium Late
Gravid 0 1 0 2 4 0
Not gravid 2 1 0 1 2 0
% gravid 0.0 50.0 NA 66.7 66.7 NA
% gravid/season 25.0 66.7

4.9.3 Fire effects on detectability

There was little support for effects of fire category group on capture probability. The

best fitting models with group effects on capture probability had Akaike weights (w;) of
0.091 at Hincks and 0.056 at Pinkawillinie (Table S4.4). While there was a strong

relationship between capture probability and minimum temperature for these models,

there was no significant difference between fire category groups (Fig. S4.1a). However,

the lack of precision in the estimates for the late category at Pinkawillinie from low

capture rates (Fig. S4.1b) may have masked an effect of fire on detectability.
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Table S4.4 Candidate models for capture (p) and recapture (c) probability in Nephrurus

stellatus at Hincks and Pinkawillinie. Models which included behaviour effects (p#c)

are indicated by (b). The global parameterisation for survival (S(sw+g)), abundance

(N(sntg)) and temporary emigration (y"=y’(.)) was used to investigate capture

probability.

HINCKS

p and ¢ no. parameters QAICc A QAICc weight QDeviance
mt (b) 15 688.283 0.000 0.399 615.220
mt+sn (b) 25 689.521 1.238 0.215 594.818
mt 13 689.731 1.447 0.193 620.895
mt+g 14 691.234 2.951 0.091 620.289
mt+g (b) k7 691.935 3.652 0.064 614.611
mt+sn+g (b) 27 693.345 5.062 0.032 594.212
mt+sn 18 697.351 9.068 0.004 617.884
mt+sn+g 19 699.097 10.814 0.002 617.480
sn (b) 23 761.786 73.503 <0.001 671.480
; 12 775.044 86.760 < 0.001 708.309
.(b) 13 775937 87.654 <0.001 707.101
g 13 776.681 88.397 <0.001 707.845
sn 17 778.269 89.986 < 0.001 700.946
g (b) 15 779,719 91.436 <0.001 706.656
PINKAWILLINIE

p and ¢ no. parameters QAICc A QAICe weight  QDeviance
mt+sn (b) 27 333.612 0.000 0.624 117.858
mt (b) 17 336.712 3.101 0.132 145.937
mt 15 337.609 3997 0.085 151.529
mttg 17 338.424 4.812 0.056 147.649
: 14 340.431 6.820 0.021 156.663
sn (b) 25 340918 7.306 0.016 130.371
mt+sn 20 341.040 7.429 0.015 143.042
g 16 341.169 7557 0.014 152.753
mt+g (b) 21 341.769 8.157 0.011 141.313
.(b) 15 342.192 8.580 0.009 156.112
mt+sn+g 22 342.724 9.113 0.007 139.785
mt+sn+g (b) 3 342.905 9.293 0.006 116.395
sn 19 344.408 10.796 0.003 148.842
g (b) 19 345.742 12.130 0.001 150.176
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Fig. S4.1 Estimates of capture probability (p) (= SE) from the best fitting models with
fire category group effects for Hincks (A) and Pinkawillinie (B).
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Chapter 5

Primers for novel microsatellite markers in “fire-
specialist” lizards (Amphibolurus norrisi, Ctenotus
atlas and Nephrurus stellatus) and their performance

across multiple populations

Technical Note

Co-authors:
Michael G. Gardner
C. Michael Bull
Don A. Driscoll

| collected DNA samples from
over 1300 lizards then developed
molecular markers to study how
fire affected their gene flow.
(Photo C. Whitehead).

This chapter has been published:
Smith A.L., Gardner M.G., Bull C.M. and Driscoll D.A. (2011). Primers for novel microsatellite

markers in "fire-specialist” lizards (Amphibolurus norrisi, Ctenotus atlas and Nephrurus
stellatus) and their performance across multiple populations. Conservation Genetics
Resources 3: 345-350.
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Table 5.1. Microsatellite primer sequences and locus information for the lizards Amphibolurus norrisi, Ctenotus atlas, and Nephrurus stellatus.

Six N. stellatus loci were amplified in three duplex reactions, indicated by 1, 2 and 3.

L . Primer Scoring
ocus GenBank . e : W - Size range Fluorescent
BHIE R s Forward primer sequence 5' - 3 Reverse primer sequence 5' - 3 Repeat motif (bp) conc. tag errot;
(Nm) rate %
Amphibolurus norrisi
AmNo02 HQ283281 CAATGGTTTTCAGGAACTGGA TTTIGTCTICCTCCETCECTTCC (AG);3 114 - 162 40 RE 6.3
AmNo04 HQ283282 LATIGTTCCERCCCETICET GGGTTGCAGGGATTTGTTAG (AT) 137 - 157 10 VIC 0.0
AmNo0O5 HQ283283 TAACCGACTGGATAGGCGAG TGGTTTTGAATCATTGCTGC (AAAQ);, 106 - 146 40 NED Tl
AmNoll HQ283285 GCCATTAACTGTGCTGGCTT TTTCTAACATAACTACTGCACAGCAA (AG)16 167 - 231 40 RET: 0.0
AmNol2 HQ283286 TCCTGATGAGGATGAGGAGG CTCCAGTTGCACAGCAACAC (AC)yo 162 - 208 20 NED 0.0
AmNol8 HQ283287 AAAACAGCACTGTATCTTTCAATTT AAATGAGTTTGGGGCATGAG (AC)y4 238 - 278 20 VIC 6.3
AmNo20 HQ283288 GCCCACAACAGAAGTTTTGC GGCTGGACTCCTGGTTATCA (AG)2 233 -253 60 NED 0.0
AmNo24 HQ283290 CAGACCAGATAGGCGGGATA CCATAAGTTCCACCGATTCAA (AAAT)6 222 - 342 20 FAM 0.0
AmNo25 HQ283291 AAGAAGTGCCAGGCCACC GGTGTGTTTTCCATTTGCTG (AG)s 311 -321 10 NED 0.0
AmNo26 HQ283292 TGGTTCCAGAGTGCCTCATT TGTTCCTCTTTGGACCAACC (AOC)); 316 - 332 40 NED 0.0
AmNo29 HQ283293 GGGCCTACTTTGTGACTTGC TTGACTAGATAGGACGGGTAACAA (AAAT);g 264 - 378 20 FAM 0.0
AmNo30 HQ283294 GTTTCCITTCCCTTTCCCAA AAGGCACAATGGCTGAAATC (AAAT),3 288 - 380 40 RET 0.0
AmNo31 HQ283295 TGAAACCAGATCTTCTCAAAAGG CCAATCCATTTCTAGGACCA (AAAT)); 294 - 402 10 RET 16.7
AmNo33 HQ283296 CAACAAAACTAAATCTTAGTGGCA CGTTGCCTTGAGGGTGTATAA (AC)y 418-430 20 NED 0.0
AmNo36 HQ283297 CAGACATTTTCCAACTTTTAAGGA GCAGACAAAAGACTCGTCTGAA (AATG)yo 459 - 571 20 VIC 0.0
AmNo37 HQ283298 CAGTCATTTAGGATACTGGGAATG TCAAATACAATCTAAAGTCTATTGCAG (AAAT)) 420 - 504 10 FAM 0.0
AmNo39 HQ283299 TGCAGTTGAATGTTTAAGGGTT GCTTAGTCAATCCTATCCATTTCC (AAAT)6 392 - 480 60 VIC 0.0
Ctenotus atlas
CtAt01 HQ283300 AAACCCGAAAGCATGATGAG GTCAGCACCTTGAATGCAAAT (AG)3 93 - 135 10 FAM 5.6
CtAt02 HQ283301 ATGAAATGCTTACGCAGACG TTGACAAAAGGGCAATGTAGG (AC)14 117 - 159 20 FAM 0.0
CtAt03 HQ283302 TCAAACAAGGAATTATTGTTCATTA GCAAACCAGTCTTGTCTGGTAAA (AG)y0 116 - 168 10 NED 79
CA
CtAt04 HQ283303 TCAATCCTCAGTTGCCTCCT TGCCTGTATTATTTCATGCCAA (AAGT),; 101 -173 20 NED 0.0
CtAt08 HQ283304 TATCAGTAACGCAGTCGCGG ACTTCGGACCAAACCTCCTT (AG)g 177 - 199 20 VIC 1.9
CtAt09 HQ283305 GTTGGCTGTAAACCCAGCAT CCTCTTCAAAGCCAAGCATC (AG)s 162 - 194 10 RET: 0.0
CtAt12 HQ283306 TGTTAGAGACGGAACTTTGATGA CTCTAAGGGTGTGGTGCGTT (AATG)4 141 - 205 20 PET. 0.0
CtAtl5 HQ283307 CCCTTGTGCTGGTGAAACTT TGCGCTCAGCAAATGTAATC (AATG)y 254 - 311 10 NED 17
CtAtl8 HQ283308 GATGAAGCTCAGGAAGCCAG TACATGGCCACTTTGCTGAA (AC), 346 - 396 20 PET 0.0
CtAt20 HQ283309 CTCCACGACTTCCTCACCAT ATGATCCAGATTACCGGTCG (AC)s 308 - 368 20 VIC 4.5
CtAt24 HQ283311 GCTACCTGCATCGCTGTTG TTCTGGAAGACTGTGGCTCC (ACAG),, 325-389 10 NED 0.0
CtAt30 HQ283312 AGCCATTGCTACATGCTGTG CAGCCAACGTTGTCCCTA (AAGT);6 377 - 445 20 VIC 10.0




Locus GenBank F . iy : v _ar if DIZETAnge ety Fluprescent (Sa::(::'ng
e A ey orward primer sequence 5' - 3 Reverse primer sequence 5' - 3 Repeat moti (bp) fl(\);:rf) tag i)
Nephrurus stellatus
NeSt05' HQ283314 TGCATTATCTAGTTGTGGACTG CACTGCTCATGGTAACACAC (TG)ao 142 - 172 20 VIC 3.2
NeSt06 HQ283315 CATGTGTTCACACACTTACACAC GTCTGTGGTCTICTTGCTGG (AQ)9 97 - 137 20 NED 0.8
NeSt09' HQ283316 TAAGATCACAGCACCTGAGC TTCCATTGCCTATTTCCG (AAC)A(AAC);  225-267 20 ViE 0.0
NeSt11? HQ283317 CATCAGTGAATCCCTGCTG CGATTCTCAGCAAACACAC (TG)oy 294 - 330 20 NED 0.0
NeSt16 HQ283318 ACCCTTCTCTTGATGAGGTG TTAAGGAAGACAGCTTGCC (AC)y4 2115/=-259 40 FAM 23
NeSt18* HQ283319 CCCGTGTTGCCATATTAAG CAAAACACCTCAATCATTGC (GT)as 108 - 146 20 FAM 1.4
NeSt23° HQ283320 AGGGTCAGGTGACACAGTATC CATTTAATAGTGGCATGACATC (TG)2 208 - 246 20 FAM 0.7
NeSt28 HQ283321 ACCAATTCAATCATAGGATCAC ACAGCCTAACATACATCACAAG (GTT)y; 230 - 287 20 VIC 1.4
NeSt31 HQ283322 AAGCTGCCTTGAGATATTATG GAGAGTAGCATGGGACGAAC (TTC),,TCC 293 - 383 20 FAM 2.6

(TTC)s(N) 15

(TCO)(TTG),7

(TTC)y,
NeSt32 HQ283323 GAGTTCACAATTACCCAGACAG TAATTCCAATAGAACACAGCG (TTG);5 278 -311 20 PET 5:5
NeSt33 HQ283324 GCCATCTGTTTGAGACTATTG AGAATCCAGCTTGGAGTCTAG (ATT)o(GTT);s 214 - 262 20 PET 0.0
NeSt35 HQ283325 ACTGAATGAAGTGAGACATAAGTC AACGTGCCTCCTCCTCAC (AAQ)), 197 - 241 20 NED 0.0
NeSt38 HQ283326 CACCAACAAGGCAAATAGC TCCTTTCTGGATTGTGTGG (GTT),; 289 - 349 20 NED 2.0
NeSt43 HQ283327 GTGATGGCATCATCCTCAG AGCAGCAGCCTGACTCTG (GTT)y4 154 - 220 20 PET 0.0
NeSt46 HQ283328 CTGTCCTCAACAGCTAGTGC AAGCCTAACAGTGCTATTCTAAG (GTT) ;3 270 - 303 20 PET 2.0
NeSt47> HQ283329 GATCTTGAATGACATCGTGC CTCTTCTGCATTAGTCTGAGTTC (CAA),; 193 - 253 20 NED 24
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Table 5.2. Population statistics for microsatellite markers in the lizards Amphibolurus

norrisi, Ctenotus atlas, and Nephrurus stellatus.

Target sample site Comparison sample sites

No. Freq. null % sites with HW % sites with
Tonus e alleles e i i alleles disequilibrium null allele
Amphibolurus norrisi (target site N = 23, no. comparison sites = 6)
AmNo02 10 0476  0.771 <0.001* 0.194 17 33
AmNo04 6 0.826 0.808 0.945 -0.009 0 0
AmNo05 SER 08268 () 8T 0.501 -0.009 0 0
AmNol 1 12 10.682. . 078l 0.096 0.073 0 0
AmNol2 6 0.600  0.666 0.092 0.039 0 33
AmNol8 FIS0:652°50.836 0.036 0.113" 0 50
AmNo20 7 0.609  0.664 0.209 0.048 0 0
AmNo24 18 0.739 0913 0.043 0.096" 83 83
AmNo25 5 0545  0.655 0.062 0.096 17 0
AmNo026 6 0.818 0.693 0.634 -0.123 0 0
AmNo29 17 0.850 0915 0.006 0.033 14 0
AmNo30 ISE07 831 % 2 0.925 <0001 * 0.079" 0 0
AmNo31 14 0.643  0.885 0.001* 0.140" 50 67
AmNo33 2 0.043 0.043 0.915 -0.022 17 17
AmNo36 78 05783 4 01926 0.004 0.077" 0 ity
AmNo37 15 0864 0916 0.566 0.030 7 33
AmNo39 15 0909 0.895 0.591 -0.008 0 0
Ctenotus atlas (target site N = 54, no. comparison sites = 6)
CtAt01 12N 0ISEON 0TS < 0:001% 0.158" 33 83
CtAt02 6} {0519 0557 0.036 0.041 0 0
CtAt03 21 0902 0905 0.543 0.003 0 0
CtAt04 120 10:522 " 0:838  <I0.001* 0.187" 33 100
CtAt08 9017565 +10:852 0.035 0.054 0 0
CtAt09 8 0.740 0.734 0.954 -0.004 0 0
CtAtl2 14 0.827 0.885 0.666 0.032 0 0
CtAtlS 24 0.884  0.925 0.052 0.025 0 17
CtAtl8 8 0.653 0.742 0.559 0.065 0 0
CtAt20 15 0.647 0884 <0.001%* 0.137 50 50
CtAt24 128508750902 0.716 0.015 0 0
CtAt30 14 0.744  0.883 0.114 0.079" 33 33
Nephrurus stellatus (target site N = 63, no. comparison sites = 7)
NeSt05 11 0.831 0.878 0.440 0.028 29 57
NeSt06 14 0949 0.878 0.946 -0.043 0 0
NeSt09 14 0.836 0.852 0.214 0.009 0 0
NeStl 1 22 0.857 0.880 0.107 0.016 0 0
NeStl6 13 0.839  0.845 0.631 0.006 0 0
NeSt18 15002852 H10/900 0.407 0.029 14 0
NeSt23 15508855 10875 0.511 -0.007 0 0
NeSt28 13 0.787  10.730 0.923 -0.084 0 14
NeSt31 ORS00SR 01977 0.766 -0.040 0 0
NeSt32 1010695 = 0773 0.371 0.047 14 43
NeSt33 14 0.885  0.898 0.514 0.007 0 0
NeSt35 15 0:755  0.766 0.738 0.001 0 0
NeSt38 IS5 0:857  0:88 0.552 0.017 0 0
NeSt43 11 0.870  0.855 0.780 -0.011 0 0
NeSt46 10 0.847  0.782 0.608 -0.042 0 0
NeSt47 1510803 K082 0.083 0.042 0 0

Observed (Ho) and expected (/g) heterozygosity, probability value from Hardy-
Weinberg equilibrium test (P). * significant Hardy-Weinberg disequilibrium after

sequential Bonferroni adjustment, T presence of a null allele.
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Chapter 6

Dispersal across fire mosaics in a “fire specialist”

knob-tailed gecko

Research Paper

Co-authors:

C. Michael Bull
Michael G. Gardner
Don A. Driscoll

This open, sandy area in Hincks Wilderness Area that last burnt in

1999 is prime habitat for the knob-tailed gecko, Nephrurus stellatus.
(Photo: A.L. Smith, taken Nov 2009 at the site "HIM1")
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mark-recapture surveys to determine if daily movement rates of geckos differed among

habitats with increasing time since fire.

6.3 Methods

6.3.1 Study region & species

The study took place in four conservation reserves on the Eyre Peninsula, South
Australia (Fig. 6.1): Hincks Wilderness Area (33°45'S, 136°03' E; 66,658 ha),
Pinkawillinie Conservation Park (32°54'S, 135°53' E; 130,148 ha), Munyaroo
Conservation Park (33° 21'S, 137° 12' E; 20,139 ha), and Heggaton Conservation
Reserve (33°22'S, 136°31' E; 6,476 ha). The region is semi-arid, with an average
annual rainfall of 340 mm at Hincks, 303 mm at Pinkawillinie, 296 mm at Munyaroo,
and 361 mm at Heggaton. The main topographic features are white sand dunes,
occurring in either large, parabolic fields or longitudinal ridges, interspersed by hard,
reddish-brown swales (Twidale & Campbell 1985). The reserves are dominated by
mallee vegetation which is characterised by multi-stemmed Eucalyptus spp.,
predominantly E. costata, and E. socialis, associated with the shrubs Melaleuca
uncinata, Callitris verrucosa and the spiky hummock grass Triodia irritans (Specht
1972; Robinson & Heard 1985). Summer lightning is the most common ignition source
of mallee which typically results in large, severe wildfires on a decadal time scale

(Bradstock & Cohn 2002).
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Fig. 6.1. Nephrurus stellatus was studied across fire mosaics in four conservation
reserves on the Eyre Peninsula, South Australia. The green circles are sample sites and
the red circles are locations where additional individual samples were collected between

the sample sites.

1953-1960
1961-1966
1967-1978
1979-1987

19881991
1992- 1994
1995-1999

Km

Hincks

HIET HM1  HI13

Nephrurus stellatus is distributed widely across the Eyre Peninsula and in a small arca
of central-south Western Australia (Wilson & Swan 2010). Higher abundance of V.
stellatus in recently burnt (5-10 years after fire) than long unburnt (> 18 years after fire)
mallee occurs consistently at four different conservation reserves on the Eyre Peninsula
(Driscoll & Henderson 2008), and reflects changes in population density rather than
detectability (Smith et al. 2012). Nephrurus stellatus is common in sandy arecas, residing
in self-dug burrows by day and actively foraging for invertebrate prey by night (Cogger
1996). Preliminary skeletochronological analysis suggests that N. stellatus can live for
at least four years in the wild (A. Smith, unpublished data). Males can reach sexual
maturity in their first year, and females have been found gravid in their second year (A.

Smith, unpublished data).
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Table 6.1. We tested models of landscape resistance based on five features considered to be important to gene flow in Nephrurus stellatus. The fire

frequency landscape was examined for Hincks only.

_Spatial model

Grid cell values

Potential ecological importance

Isolation by 1 Genetic distance can increase with geographic distance (Wright 1943).
distance
Elevation Metres above sea level Sand dunes are the dominant elevational features in our study system (Twidale & Campbell 1985). N.

stellatus is more common on dunes than swales (Williams et al. 2011) probably because it is a burrower
(Wilson & Swan 2010) and is associated with open ground (Smith et al. 2012). Gene flow may be influenced

by elevation (representing the topography of the dunes) if dunes affect their dispersal ability.

Time since fire

Number of years since

most recent fire (1- 57)

Marked changes in vegetation structure with time since fire occur at our study sites (Smith et al. 2012)and

habitat structure can affect dispersal in lizards (Berry et al. 2005; Templeton et al. 2011).

Abundance

Mean no. captures
predicted from time since
fire (Smith et al. Chapter
3)

N. stellatus is not affected linearly by fire; habitat with 5-10 years since fire is most suitable (Driscoll et al.
2012a; Smith et al. 2012). Dispersal through unsuitable habitat may be inhibited (Prevedello et al. 2010;
Shanahan et al. 2011) or promoted (Driscoll & Hardy 2005; Schtickzelle et al. 2007). Variation in population
density can influence gene flow and dispersal (Stephens et al. 1999; Konvicka et al. 2012).

Fire frequency

Number of fires since

1953 (0-5)

Fire can have cumulative effects on animal populations (Lindenmayer et al. 2008) either through
demographic impacts of repeated burning (Westgate et al. 2012), or changes in habitat structure (Pausas &
Lloret 2007) that might affect gene flow.



















Fig. 6.2 Probabilities of assignment to genetic clusters for Nephrurus stellatus
genotypes (each bar represents an individual gecko). In the overall sample,
STRUCTURE identified (A) two or (B) three clusters and (C) GENELAND identified

three.
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6.4.3 Landscape resistance

At Hincks, the time since fire (TSF) and fire frequency landscape models explained
significant variation in genetic distance between pairs of individual geckos (Table 6.2).
Genetic distance increased with increasing TSF at Hincks, and genetic distance was
lower in areas that had experienced more fires, than in areas with fewer fires (Table
6.2). At Pinkawillinie neither of the fire-related models were significant. However, there
was significant isolation by distance at Pinkawillinie, showing an increase in genetic
distance with increasing geographic distance, and higher elevations were related to
greater genetic distance between individuals (Table 6.2). No landscape models

explained significant variation in genetic distance at Munyaroo or Heggaton (Table 6.2).
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Table 6.2 Results from regression of genetic and landscape distance matrices.

Significant relationships (o = 0.05) are shown in bold.

Model Relationship R’ P-value
HINCKS

Isolation by distance 4 0.0003 0.259
Elevation + 0.0005 0.120
Time since fire -t 0.0038 0.020
Abundance - 0.0019 0.061
Fire frequency - 0.0017 0.003
HEGGATON

[solation by distance 1 0.0001 0.257
Elevation + 0.0001 0.263
Time since fire + 0.0002 0.265
Abundance - 0.0001 0.402
MUNYAROO

Isolation by distance sl 0.0015 0.393
Elevation + 0.0011 0.464
Time since fire - 0.0002 0.836
Abundance i 0.0069 0.430
PINKAWILLINIE

Isolation by distance I 0.0040 0.004
Elevation + 0.0049 0.002
Time since fire i 0.0024 0.225
Abundance s 0.0001 0.685

6.4.4 Genetic diversity

We found a significant decrease in site-level allelic richness (AR) with increasing TSF
when the sample size (N) was standardised for five individuals, and there were no
interactive or main effects of reserve (Table 6.3, Fig. 6.3a). When N =6, 7, and 10 there
were significant main and interactive effects of TSF and reserve on AR (Table 6.3, Fig.
6.3b). At these sample sizes, relationship between AR and TSF differed among
reserves, decreasing at Hincks, increasing at Pinkawillinie and having no response at
Munyaroo (Fig. 6.3b, Supporting material 6.8.3). When N = 8 and 9 there was no effect
of TSF on AR but a significant effect of reserve (Table 6.3, Supporting material 6.8.3).
AR was higher at Pinkawillinie than Hincks and lowest at Munyaroo (Supporting
material 6.8.3). We could not include Heggaton in the models when N > 5 as there was

only one site (Supporting material 6.8.3).



Table 6.3 P-values from linear mixed models to examine the effect of time since fire
(TSF) and reserve on site-level allelic richness and individual heterozygosity in

Nephrurus stellatus.

Response N random TSF Reserve TSF x Reserve
subsamples

Allelic richness 5 0.013 - =
6 <0.001 0.021 0.011

i <0.001 0.006 0.007

8 0.108 <0.001 -

9 0.144 <0.001 -

10 0.018 <0.001 0.016

Heterozygosity - 0.042 0.032 -

We found significant main effects of TSF and reserve on individual heterozygosity
(Table 6.3, Fig. 6.3¢c-d). Heterozygosity decreased significantly with increasing TSF
(Fig. 6.3c) and was lower at Hincks than Pinkawillinie and lowest at Munyaroo (Fig.
6.3d). The confidence interval for Heggaton was too wide for reliable inference (Fig.
6.3d). Results from both measures of genetic diversity showed generally congruent

patterns of decreasing genetic diversity with increasing TSF.



Fig. 6.3 The predicted effects (£ 95 % CI) of time since fire (TSF) and reserve on
genetic diversity in Nephrurus stellatus shown over the raw data. Allelic richness was
affected by (A) TSF when N = 5 and by (B) TSF x reserve when N = 10 (Pinkawillinie,
Hincks and Munyaroo are shown in green, red and purple, respectively). Individual

heterozygosity was affected by (C) fire and (D) reserve.
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6.4.5 Movement rates

All 12 models of V. stellatus movement rates in our candidate set were similar (Delta
AlCc < 5.5, Table 6.4). Model averaged parameter estimates (Fig. 6.4) showed a
significant decline in movement rate with increasing TSF (Fig. 6.4a). There was an
increase in the distance moved per day with increasing minimum temperature (Fig.

6.4¢). Effects of sex, age and reserve were not significant (Fig. 6.4b-d).
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Table 6.4. Candidate models to examine variables affecting the distance moved per day

in Nephrurus stellatus individuals.

Predictor variables No. AlCc Delta AICc AICc weight
parameters

TSF + temp + reserve 5 186.50 0.00 0.23
TSF + temp + age + reserve 6 186.87 0.37 0819
TSF + temp + TSF x sex 6 187.23 0.73 0.16
TSFE + temp + sex ++ reserve 7 188.10 1235 0.10
TSF + temp + TSF x age 5 188.20 1.70 0.10
TSF + temp + age 5 189.50 3.00 0.05
TSF + temp + sex + age + 8 190.04 3.54 0.04
reserve

TSF + temp 4 190.15 3.65 0.04
TSF + temp + sex 6 190.38 3.88 0.03
TSF + temp + TSF x temp 5 191.55 5.04 0.02
TSE+temp + TSE X reserve. 3 191.87 5 22 0.02
TSF + temp + sex + age 7 192.00 5.50 0.01

TSF = time since fire, temp = minimum temperature between captures
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Fig. 6.4. Model averaged movement rates in Nephrurus stellatus. Estimates of each
term in the candidate model set are shown: (A) time since fire, (B) sex, (C) age, (D)

reserve, and (E) minimum temperature.
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6.5 Discussion

Our study was one of the first to combine genetic and direct methods to study animal
dispersal across fire mosaics (see also Templeton et al. 2001; Templeton et al. 2011).
The fire specialist gecko Nephrurus stellatus experiences a marked decline in
population density beyond approximately ten years since fire, and we asked whether
this response was accompanied by changes in dispersal. Our direct estimates of

movement, analysis of genetic diversity, and our analysis of landscape resistance at
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6.8 Supporting material

6.8.1 Nephrurus stellatus sample and site information

Table S6.1 DNA was sampled at 39 sites spanning 0.7 to 57 years since fire in the

habitat. Additional samples were collected between the sites at Hincks and

Pinkawillinie (see also Fig. 6.1). DNA was collected over six field seasons, but 93 % of

samples were collected in the final three seasons (4-6). Season one was Dec 2004 — Feb

2005 and season six was Nov 2009 — Feb 2010.

Reserve Site N Last Seasons DNA  Collection method
fire collected

Hincks HIE1 48 2006 5-6 Pitfall grid
HIE2 78 2006 5-6 Pitfall grid
HIM1 95 1999 5-6 Pitfall grid
HIM2 85 1999 5-6 Pitfall grid
HII1 5 1966 4-6 Pitfall grid
HI2 5 1966 4-5 Pitfall grid
HI3 4 1966 5-6 Pitfall grid
HI4 9 1966 4-6 Pitfall grid
HI5 7 1966 4-6 Pitfall grid
17 10 1977 3-4 Pitfall transect
HII1 15 1999 4 Manual
HI12 2 1999 4 Manual
HI13 18 1999 4 Manual
HI14 26 1999 4 Manual
HNA 3 1953 6 Manual
HNB 9 1966 6 Manual
HV 5 1977 6 Manual
Additional 1 1977 5 Manual
samples 38 1999 5 Manual

12 2006 4-5 Manual

Total 494

Pinkawillinie PEI 22 2005 5-6 Pitfall grid
PE2 27 2005 5-6 Pitfall grid
PM1 40 2001 5-6 Pitfall grid
PM2 38 2001 5-6 Pitfall grid
PLI1 2 1960 6 Pitfall grid
PL2 5 1960 6 Pitfall grid
RPIES 3 1960 S Pitfall grid
PL4 3 1960 5-6 Pitfall grid
P4 12 2005 4 Pitfall transect
P2 12 2001 4 Pitfall transect
P 13 1986 3-4 Pitfall transect
P8 10 1986 3-4 Pitfall transect
Additional 16 2005 4-5 Manual
samples 9 2001 5 Manual
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Reserve Site N Last Seasons DNA  Collection method
fire collected
4 1986 4-5 Manual

Total 216

Munyaroo Ml 10 1990 1-2 Pitfall transect
M2 4 1990 1-2 Pitfall transect
M3 6 1960 1-2 Pitfall transect
M4 12 1960 1-2 Pitfall transect

Total 32

Heggaton N1 4 1997 4 Pitfall transect
N3 5 1960 1-4 Pitfall transect
N4* 1 1960 1 Pitfall transect
S2 8 2001 3-4 Pitfall transect
S3 1 1960 4 Pitfall transect
S4 3 2006 3-4 Pitfall transect

Total 22

Grand total 764

* The sample from this site was collected before the 2006 fire at N4 shown in Figure

6.1. This, and two samples from N3 also collected before the 2006 fire, were removed

from the landscape resistance analysis so that all samples in the analysis were collected

after all fires in each reserve.
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Fig. S6.1 A complex fire history at Hincks meant we were able to examine effects of

fire frequency in addition to time since fire. Values of fire frequency that were used in

the spatial model are shown in the map.

Hincks

Fire Frequency

® Sample site
* Additional
samples




6.8.2 Genetic clusters in Nephrurus stellatus.

STRUCTURE identified two or three genetic clusters in the overall sample and
GENELAND identified three (Fig. S6.2). Both methods identified a single cluster in the
samples from each reserve separately except that three clusters were identified by
GENELAND for Heggaton (Fig. S6.2). However, individuals at Heggaton were
assigned with equal probability to each of the three clusters (Fig. S6.3) meaning the

results were not reliable for this reserve.

Fig. S6.2 The number of genetic clusters (K) in the overall data set and for each reserve
separately. Probability values for each K from the STRUCTURE results are shown in
the left column, and the frequency of each K from the GENELAND results are on the

right.
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Fig. $6.3 Although three clusters were identified in the sample from Heggaton, each
individual was assigned to each of the three clusters with equal probability, meaning the

results were not reliable for this reserve.

1.0

Assignment probability
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6.8.3 Fire and reserve effects on allelic richness.

Table S6.2 Sites with > 5 individuals were used in the analysis of allelic richness (AR)
which was standardised to sample sizes of 5-10. The time since fire (TSF), last fire, and

sample size (N) are shown for each site.

Reserve Site TSF Lastfire N
5 6 7 8 9 10
Hincks HI1 42.50 1966 5 6.50 - - - = =
HI1l 9.00 1999 fyRsSs gl G T E 50 706 830
HI12 9.00 1999 21 623 696 7.56 8.08 8.61 9.03
HII3 9.00 1999 8956 280 1699 7.5 817, 860 8.96
HI14 9.00 1999 26 . 616 684 748 802 859 895
HI2 42.20 1966 5 6.43 =

HI4 43.11 1966 9 396 76061 128 182 836 -
HI5 42.86 1966 ¥ 583 645 693 - 3 =
HIEI 3.81 2006 48 599 6.70 730 784 825 8.7
HIE2 3.83 2006 78 6.17 690 744 794 853 893
HIM]L - 10.71, 1999 95 6.04 674 733 788 841 8383

HIM2 10.78 1999 85 6.08 682 748 8.01 841 897
HNB 44.00 1966 9 §8Z. 6,19 6.7 A2 T
HV 33.00 1977 5 564 - - - = 2
17 30.50 1977 10 *"585 645 697 " 143  7.86 . 829
Pinkawillinie P2 6.00 2001 12+ 20622 693 750 804 837 8]
P4 2.00 2005 12 622 694 158 81T 8635 1906
By 21.46 1986 Fa0 - 62 1698 F.65 S l0 28 .55 909
P8 21.40 1986 10 642 720 7.89 844 899 943
BEL 5t 3970~ 2005 22 w621 -698 " 766 811 868 9.1]
PEZ & 3.67 2005 27 614 680 745 794 837 8.88
PL2  50.00 1960 5 514 - - - - -
PM1 758 2001 40 6.21 6.88 7.54 8.16 8.60 9.0l
PM2 7.58 2001 3810032 . 7100771 8360 - 8.81 .92
Munyaroo M1 15.80 1990 10 561 6.19 664 704 742 7.71
M3 45.83 1960 6 540 593 - - - -
M4 45.75 1960 12" 553, 1613 666- 710 754 1.89
Heggaton N3 46.80 1960 5 557 - - - - -
S2 6.75 2001 8 550 6.06 6.54 693 - =
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Fig. S6.4 Time since fire (TSF) and reserve effects on allelic richness (AR) and the

effect on changing the sample size (and thus the number of sites in the analysis). There

was a main cffect only of TSF when N = 5. When N = 6, 7, and 10 there were main and

interactive effects of TSF and reserve. When N = 8 and 9 there were main effects of

reserve on AR only. Model estimates and 95 % confidence intervals (Pinkawillinie =

green, Hincks = pink, Munyaroo = purple) are shown over the raw data.
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Chapter 7

Spatial and temporal variation in genetic structure of

lizards in landscapes with complex fire mosaics

Research Paper

Co-authors:

C. Michael Bull
Michael G. Gardner
Don A. Driscoll

Triodia irritans in an area at Hincks that last burned in 1966. Triodia

grasses are essential habitat for the skink Ctenotus atlas, and are also
used for shelter by the agamid Amphibolurus norrisi (Photo A.L. Smith,
taken Feb 2009 at the site “HIS").
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Fig. 7.1 (A) Samples were collected from 38 sites across fire mosaics in four
conservation reserves on the Eyre Peninsula, South Australia. (B) Amphibolurus norrisi
(dark grey) and Crenotus atlas (light grey) samples were collected before and after
prescribed fires (red dotted lines) and wildfires (red solid lines), beginning in December

2004 (field season 1).
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flow (more detail below). At Heggaton, we also explored the initial impact of fire on
landscape genetic structure by analysing samples before and after the 2006 prescribed
fires separately (Question 2). For analysis of the other three reserves, we included only
samples collected after the most recent fire in each reserve. We compiled all landscape
models on raster grids with 20 m resolutions in ArcMap 9.2 (ESRI). To estimate
resistance from each model we used a method based on circuit theory which takes into
account all possible pathways between individuals (McRae & Beier 2007). Thus, to
account for potentially long-distance dispersal, we defined the extent of our study

landscapes with a 5 km buffer around the samples for each of the four data sets.
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Table 7.1 We tested models of landscape resistance based on five features we considered to be important to gene flow in Amphibolurus norrisi and

Ctenotus atlas. The fire frequency model was tested for Hincks only.

Spatial model Grid cell values

Potential ecological importance

Genetic distance can increase with geographic distance (Wright 1943).

Isolation by 1

distance

Elevation Metres above sea
level

Sand dunes are the dominant elevational features in our study system (Twidale & Campbell 1985). Both
species may have a preference for sand dunes as A. norrisi have been recorded more commonly on dunes
than swales (South 2010) and C. atlas depend on Triodia spp. which occur on deep sands (Pianka 1972;
Williams et al. 2011). Gene flow may be influenced by elevation (representing the topography of the dunes)
if dunes affect their dispersal ability.

Time since fire Number of years since

most recent fire (1-54)

Marked changes in vegetation structure with time since fire occur at our study sites (Smith et al. 2012) and

habitat structure can affect dispersal in lizards (Berry et al. 2005; Templeton et al. 2011).

Abundance Mean no. captures
predicted from time
since fire (Smith et al.

Chapter 3)

The suitability of habitat for lizards does not always change linearly with time since fire (Driscoll &
Henderson 2008; Driscoll et al. 2012). Dispersal through unsuitable habitat may be inhibited (Prevedello et
al. 2010; Shanahan et al. 2011) or promoted (Driscoll & Hardy 2005; Schtickzelle et al. 2007). Increased

population density can influence gene flow (Stephens et al. 1999; Robinet et al. 2008).

Fire frequency Number of fires since

1953 (0-5)

Fire can have cumulative effects on animal populations (Lindenmayer et al. 2008) either through

demographic impacts of repeated burning (Westgate et al. 2012), or changes in habitat structure (Pausas &

Lloret 2007) that might affect gene flow.
















Fig. 7.2 Probabilities of assignment to genetic clusters identified by GENELAND (each
bar represents an individual lizard). Differentiation between Hincks at the other reserves
was evident for C. atlas (A) and a distinct cluster was formed by N3 and N4 within
Heggaton for A. norrisi (B). For Heggaton (B), the site name and year of last fire is
shown below the bars, and whether samples were collected before (b) or after (a) the

prescribed fires is shown above the bars.
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7.4.3 Landscape resistance

We found significant effects of landscape features on gene flow in all three reserves for
A. norrisi (Table 7.2) but no significant effects for C. atlas (Supporting material 7.8.4).
At Hincks, genetic distance in A. norrisi increased with increasing geographic distance,
elevation, and fire frequency (Table 7.2). There was also a positive relationship between
genetic distance and the additive model for elevation and fire frequency showing that
these variables have a stronger combined influence on gene flow than either one

considered alone (Table 7.2). Before the 2006 prescribed fires at Heggaton, all of the

landscape features we examined explained significant variation in genetic distance of A.
norrisi (Table 7.2). After the fires, these effects were no longer detected (Table 7.2). At
Munyaroo the time since fire model had the only significant relationship, and showed

increasing genetic distance with increasing time since fire (Table 7.2).
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Table 7.3 P-values from linear mixed models to examine the effect of time since fire

(TSF) and reserve on allelic richness in Amphibolurus norrisi and Ctenotus atlas.

N random A. norrisi C. atlas
subsamples TSF Reserve TSF Reserve
5 0.003 <0.001 0.037 -

6 0.003 0.004 0.017 -

7 <0.001 - 0.087 -

8 0.001 - 0.002 -

9 0.016 - 0.002 -

10 0.021 - 0.069 -

Fig. 7.3 Allelic richness (A) increased with time since fire in Ctenotus atlas and (B)
decreased in Amphibolurus norrisi. (C) There was lower allelic richness in A. norrisi at
Munyaroo than at the other reserves. Model estimates are shown over the raw data (A
and B) and all results are from a standardised sample size of five individuals. Error bars

are 95 % confidence intervals.
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7.5 Discussion

We found complex relationships between fire regimes and genetic population structure
in Amphibolurus norrisi and Ctentous atlas (summarised in Fig. 7.4). In answer to our
first research question, we found that landscape features, including fire regimes,
affected gene flow in A. norrisi, and that time since fire affected the genetic diversity of
both lizard species. We detected a temporal change in landscape-scale genetic structure
of A. norrisi at Heggaton, possibly reflecting an immediate impact of fire on the
population structure (Question 2). There were no genetic changes following fire at fixed
locations that would indicate recolonisation from immigration (Question 3) but
detecting these changes would probably require stronger genetic structure than we

found in our target species.

Fig. 7.4 A conceptual diagram showing relationships between fire regimes and
abundance, gene flow, and genetic diversity in Amphibolurus norrisi and Ctentous
atlas. Abundance curves are from Smith et al. (Chapter 3) and Supporting material
7.8.2.
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7.8 Supporting material

7.8.1 Site information

Table S7.1 Sites where DNA samples from Amphibolurus norrisi and Ctenotus atlas

were collected on the Eyre Peninsula, South Australia. Samples were collected over six

field seasons (Season one was Dec 2004 — Feb 2005 and season six was Nov 2009 —

Feb 2010).
Reserve Site Last fire N N Seasons DNA  Collection
A. norrisi C. atlas collected method

Heggaton N1 1997 1 9 2-4 Transect
N2 1997 1 0 4 Transect
N3 1960 10 8 1-4 Transect
N4 1960/2006 2/0 7/12 1-4 Transect
S1 2001 1 1 1-2 Transect
S2 2001 2 0 34 Transect
S3 1960 18 4 1-4 Transect
S4 1960 6 2 1-2 Transect

Hincks I1 1999 1 0 4 Transect
13 1977/2006 5/2 9/8 1-4 Transect
14 1977/2006 2/3 13/16 1-3 Transect
HI1 1966 7/ 15 4-5 Grid
HI2 1966 7 23 4-6 Grid
HI3 1966 11 25 4-6 Grid
HI4 1966 5 29 4-6 Grid
HI5 1966 17 17 4-6 Grid
HI6 1966 11 26 4-6 Grid
HI7 1966 13 34 4-6 Grid
HIEI 2006 0 6 5 Grid
HIE2 2006 8 6 5-6 Grid
HIM 1999 24 12 5-6 Grid
HIM?2 1999 11 2 5-6 Grid
66TK 1966 1 0 6 Manual
MTK 1999 3 0 6 Manual
06TK 2006 1 0 6 Manual

Munyaroo Ml 1990 3 1 1-2 Transect
M2 1990 0 7 1-2 Transect
M3 1960 6 0 1-2 Transect
M4 1960 0 8 2 Transect

Pinkawillinie P3 1986/2005 - 9/6 1-4 Transect
P4 1986/2005 - 5/7 1-4 Transect
P8 1986 - 14 3-4 Transect
PL1 1960 - 6 5-6 Grid
P2 1960 - 2 5-6 Grid
PE3 1960 - 10 5-6 Grid
PL4 1960 - 14 5-6 Grid
PMI1 2001 - 1 6 Grid
PM2 2001 - 3 6 Grid

TOTAL 177 377
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Table S7.2 Results from generalised linear mixed models to investigate the effect of

fire on the number of captures in Amphibolurus norrisi and Ctenotus atlas. The

significant result is shown in bold.

Species Reserve Parameter Estimate SE z-value  P-value
A. norrisi  Munyaroo  Intercept 0.417 1.323 0.315 0.753
Fire category -0.537 1.909 -0.281 0719
Heggaton Intercept QLN (11593 -1.209 (227
Time since fire 0.060 0.015 4.037 <0.001
C. atlas Munyaroo  Intercept 0.759 1.106 0.686 0.493
Fire category 0.368 1.523 0.241 0.809
Heggaton Intercept 0.955  0.840 1.136 0.256
Time since fire 0.013  0.031 0.416 0.677

Fig. S7.1 The effect of fire on capture rates in Amphibolurus norrisi and Ctenotus atlas

at Munyaroo (A) and Heggaton (B and C).
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7.8.3 Genetic structure analysis

Fig. S7.2 We did not detect any genetic structure in Amphibolurus norrisi or Ctenotus
atlas using STRUCTURE. A single genetic cluster was most likely in each reserve, and

in the overall sample for both species.
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Fig. S7.4 Probabilities of assignment to genetic clusters (each bar represents an
individual lizard) identified by GENELAND. In the samples from Crenotus atlas, three
genetic clusters at were identified at Heggaton (A) and four at Munyaroo (B). For
Amphibolurus norrisi two genetic clusters were identified at Munyaroo (C). However,
these results were not reliable as individuals were given an approximately equal

probability to each cluster.
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7.8.4 Landscape resistance in Ctenotus atlas

Table S7.3 None of the models of landscape resistance that we tested for Ctenotus atlas

explained significant variation in gene flow.

Model Relationship R’ P-value
HINCKS (N =219)

[solation by distance & 0.0001 0.900
Elevation 4 0.0001 0.907
Time since fire s 0.0001 0.786
Abundance - 0.0003 0.647
Fire frequency - 0.0004  0.568
HEGGATON (Before 2006 fires, N =21)

[solation by distance - 0.0014  0.638
Elevation - 0.0024  0.543
Time since fire + 0.0001 0.918
HEGGATON (After 2006 fires, N = 22)

[solation by distance sk 0.0009  0.770
Elevation + 0.0007  0.805
Time since fire 35 0.0116  0.485
MUNYAROO (N = 16)

[solation by distance ok 0.0108  0.315
Elevation it 0.0101 0.347
Time since fire -+ 0.0054 0.472
PINKAWILLINIE (N = 63)

Isolation by distance - 0.0010 0.223
Elevation + 0.0011 0.207
Time since fire - 0.0042 0.316
Abundance - 0.0055 0.253
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7.8.5 Fire and reserve effects on allelic richness (AR)

Fig. S7.5 There were significant effects of TSF on AR in Amphibolurus norrisi when
sample sizes (N) of five to ten were used as a standardisation. When N =5and N =6
there were additive effects of reserve on AR, with Munyaroo (orange) having lower AR
than Hincks (blue) and Heggaton (red). Model estimates and 95 % confidence intervals

are shown over the raw data.
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Fig. S7.6 There were significant relationships between TSF on AR in Ctenotus atlas
except when N =7 (P =0.087) and N = 10 (P = 0.69) were used as standardisations.

There were no interactive or additive effects of reserve on AR.
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Fig. $7.7 Capture rates of Amphibolurus norrisi were recorded during pitfall trap

surveys at Hincks from sites spanning a range of fire frequencies (A). There was a

positive (but non-significant) relationship between capture rates and fire frequency (B).

Fire frequency at Hincks is correlated with time since fire (C).
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7.8.7 Amphibolurus norrisi samples at Heggaton

Fig. $7.8 The location of 20 A. norrisi individuals sampled at Heggaton prior to

prescribed fires in April 2006 (A), and 21 individuals sampled after the fires (B).

198



Chapter 8

Directions for fire management and future research

Conclusions

Mallee is home to a diverse ecological community. | recorded 17 reptile species

in one hectare at this area in Pinkawillinie Conservation Park that last burnt in
1960 (Photo A.L. Smith, taken Dec 2009 at the site "PL4")
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